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'I~ CIY:~~L TP~C~h.~3OI T.!i. HYT,'-it .0 OF

L;,NT i%!1UMA, CUiU' , 1] ": ... : -'1 r,

AND t... ,$ UM

In troduc t ion

x-ray powder diffraction photojraphs of the hydrides

of lanthanum, cerium, praseodyriums and neodymium obtained

in the present investitation show tiat tbese hydrides all

possess f.c.c. lattices, in aireement itka previously-

reported findinks of other investieators. Hydrides having

a composition slithtly richer in hydrogen then M 11, 8 (the

hvdrocen-rich phase in the two-phase re.ion) display the

largest lattice constants. jiddition of further hydrogen

results in a slijht contraction of these lattices. :, plot

of lattice constants versus comrositions for the hydrides

of these four motals is tiven in ki(ure 7. Individual val-

ues are tabulated in the follow.,ini individual sections for

the different metals.

.:-n.ilar datu have been obtained by 11olle., t.ulf~rd,

i.llineer, Koehler, & .,achariasen (1955)9 who have published

a similar plot, totother with a table of lattice constants

for the hydrides of compoositions M2. These values are in

t
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excellent agreement with the largest lattice constants

found in the present work, that is, for oompositions some-

what below MH2 , in most caeOs. A table comparing these

values is Liven below.

Holley, at al. This work

flydride a0 (") H rie ao (A.)

LaB2  5.667 * 0.001 LaRl.86  5.670 t 0.002
CoH 2  5.581 • 0.001 CoH1.8 3  5.580 * 0.002
Pri12  5.517 * 0.001 irH 02  5.515 * 0.002
WH2 5.4"0 t 0.001 l1.dB 1 8 3  5.469 * 0.002

Diffraction patterns for some samples in the two-phase

roion huvo also been obtained. nll of these show the

presence of the hydrogen-rich phase, with lattice constants

the same as those listed above. Toeether with this lattice

there appeared In some cases a f.c.c, pattern Civing a lat-

tice constunt within ei.perimental ernor of that for the

metal, presumably the hydro~en-poor phase of the two-phase

reeion. The exact composition of this phase is not known,

nor can it be definitely said that there is a difference

between the lattice constants for it .nd for the metal it-

self in Its f.c.c. modification. Some films also showed a

f.o.o, pattern which has been attr4buted to a monoxide

formed on the surface of the aaml:1e--other evidence for

such a phase has been discussed above In Chapter IV, in

connection with X-ray diffraction studies of the metals

themselves.
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Some comparative values for hydride and deuteride

phases have been obtained,, Which Indicate the deutorides

to have sliE~htly smaller lattice constants than the hy-

drides.

Exporimental

Apparatus

4~n apparatus was prepired which haid the %.-ray dif-

fraction capillaries directly attached to It, so that the
4,

h,,d ride samples could be shaken into them, and thus never

come Into contact with any aLtmospheore other than hydr'ogen.

it sketch of the apparatus Is Liven In zigure 8,, and Its

construction will be described In some detail, since no

very satisfactory description o1f such an apparatus could

be found In th'e literature.

X-ray capillaries.--Capillaries were pr'epared from

pyrex test tubes of about 19 mu'. 0. D.# by drawirg them

down successively, first to a diameter or atout 3 m~,and

thon to a direter of about 0.5 mm.. T-,he capillaries were

out so that a short len~th at one end was of the larger

diameter--this ond was flaM.-edp and ;4Xter the smiall end of

the o0pillary was sealed shut# tho flatnged end was sealed

Into a lentth of 7-nmo pyrex tubine. in a small rrInC seal.

The 7-mt. tubinj bad been previously prepared with the bulb
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and ttickened portion shown In the sketch, and the end was

subsequently bent for sealin, to the re:ction vessel.

Placement of the ca illl-ry within an outer tuhe in this

manner eives it excellent protection.

Iheaction vessel.--Tho reaction vessel consisted of a

12-cm. length of 13-mn. vycor tubing, attached to the same-

sized pyrex tubinC throuLth a Lraded soul. Overall len-th

of 13-mr. tubin6 waa about 1A cm. The vycor and was 3ealed

shut, and the pyrex end was souled to an 8-cm. length of
4,

22-m... pyrey tubing, to the upper end of which was sealed

half of a 6round-elass joint. The capillaries described

above were soaled to the 22-mm. section so that they par-

alleled the lenkth of the vesselo The first was sealed

near the bottom of this section, the neyt two opposite each

other at 900 to the first, and about half-way up the seo-

tion, and the final two at 90° to these, a~ain oprosite

each other, and near the uprer end of the section.

In some prepurations a small molybdenum-foll cup was

placed in the bottom of the vessel, fitting closely. The

final addition to the vesrel was a small. harnier, construct-

ed of a 4-cm. leneh of 5-m. pyrex tubin soaled at both

ends and containin. a le-i.th of' iron rod. 'ho reaction

vessel was attached to the vacuum line throubh a short

leneth of tubini contul:in a stopco.c# and havine ground-

4



112

Class joints at both ends. "Varno-Cement" was used to seal

these Joints durin tho course of a preparation.

Procedure

Cleaning of the metal samples and purification of the

hldro6en used were the same as described In Chapter III.

Samples were outeassed at varyint: tomperaturos from 300-

6000 C. Subsequently, reaction usually began upon admis-

sion of hydro n at room temnporature froi the jas buret.

After the initial absorption was completed, the reactor was

closed off,, and hydro6on in the line was pumped into the
-'

gas buret, usine the ioepler pump. The reactor, tokether

with the section of tu'Ang above it containink; the stop-

cook, was then removed from the line and placed on a shaker

until the product was well pulverized by the action of the

elass hammer. The reactor was then replaced on the vacuum

line, and the sample was tal-en throu.t several cycles of

heating and ooolin., to temperatures as high as 7000 C. in

rsome oases, to ensure completeness of reaction, and a homo-

geneous product. Lurik, such heatir.,- the pyrex hammer

would be kept suspended out of the hot zone b,. a small mae-

not adjacent to the reaction vessel. In some cascs the re-

aotor was removed for additional iukin. between such cy-

Oles. 'The initial pulverizint, usually resultod in desorp-

tion of some jas, which was usually all reabsorbed after

' "'4i
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Hii
several cycles of heatink and cooling. The first samile f
was removed after pumping out the line and re.ctor into the

gas buret, with the reaction vessel at room temperature.

Composition was usually found to be about :.e.. The moth-

od of procedure was to remove tkc reactor from the line as

described above, and tip it to shake sorne product Into the

first capillary. This was facilta.ted 1,y adroit manipula-

tion of the hammer with u mignet,

Subsequent samples were sirilarly removed after ad-

ditional -as had been puinpnd intr the buret, the hydride

havint been heated to produce an appreciable dissociation

pressure. ,11 Eas was pumped outL of the line and rector

and into the buret before eaich sinmple was romoved, so that

all hydrogen was either in the lvret or in the solid prod-

uct. The sample wis always at r,-om ternperaturo durint the

latter part of this pumpint. 1Vetintn before removal of

the last sample in euc,- case usu: lly rechod 7O0-800° C.,

to produce a dissociation prossu.-e high enough to malro ro-

moval of Eas wit. tt o 'oepler pump feasible.

"lie capillaries were removed from the re totor by

sealine them off at the thickened porticn. The outer 7-mm. e

tubinz was then marked with a filo, and cracked with the

heated end of a Class rod, le..vi'., the capillary exposed,

which could then be sealed off at-out 17 sm. from the end,

V!
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thus to 6ive a capillary of suitable loneth for the X-ra7

Oameras

1he amount of the tL al product removed each time vias

neglected in calculatir the compositions of sa!.les re-

moved susequently. The avera&c WeiLht Ce a number of X-

ray samples was found to be between 4 and 5 mi6 ., while the

metal sample used was usuully of the order of 1000 mt. It

may be easily shown that removal of five 5-mg. samples att

approximately equal intervals of composition from MH2. 8 0 to

MHu. 8 0 would result in a corrected composition of VRl.t

for the last sample; while the uncorrected value would be

XH1 . 8 0 . Intermediate samples would be less in error, and

this is certainly ncli6ible compared to other errors Ir..

heront in the system.

Most of the samples wore annealed for approzimately

48 hours at about 5400 C., to Cive filns havirte better res-

olution. kilms of the samples richest in hydrogon wore

first prepared without havir annealed the samples, exoept

for Weir havinL been cooled slo*ly in hydro~en while still

on the vacuum line. i.e samFles were then subjected to the

samo manealinL, treatments, and in some. cases withstood it.

Some loss of hydrogon oAin6 to diffusion througb tte thn

pyrex capillaries may hava occurred durinC the annealing of

the hydroeen-rich samples. ihis is especially thought to
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huve occurred for the LaH;. 7 8 sample, ohich reacted with

the capillary, and is discussed below. such reaction was

not observed for the other hydrogen-rich samplos which

withstood the annealing. Samples les rich in hydroon

would not be eopecte! to undergo any significant loss, as

the pressure of hydrogen in the capillary owing to dissoci-

ation would not bhve been very high.

Structures of the ._ydrides

Lanthanum hydride

l ive samples of lunthanum hydride, progressively

poorer in hydrogen, were prepared as described above in

the experimental section, and the 'X-ray diffraction pattern

for each was obtained. The compositions of these samples,

tol-ether with the corespondinL f.c.c. lattico constants,

are given in the following table.

Hi:La as (A.)

2.78 5.619 * 0.010
2.47 5.628 t 0.005
L..26 5.645 * 0.005
1.99 5.661 =b 0.005
1.83 5.670 * 0.002

It Is seen that the cell constants follow the general trend

as descrited atove. The data from. which these values wore

derived are tabulated In ippendix II, Tables 28 and 29.

The lattice constants for the samples poorer in hydrogen
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are more accurate, as patterns for those samples were bet-

ter resolved.

Another paLtern for La112.78 was obtained after the

0
sample had been annealel 53 hours at 475 C., a troatment

the bydroien-rich samples did not usually undergo without

oausing the containinE capillary to burst. The data for

this film are tabulated In .ppendiLt ILI, Table 30. The

pattern showed lines for two f.c.c. lattices, with ao val-

uns of 5.297 t 0.010 and 5.727 * 0.010 A. microscopic ex-
4,

amination of tho capillary showed that its inside wall had

been attacked. N:o break in the capillary was evident, and

the greater part of the sample ret-oined Its former black

appearance. but thoro were some ireyish-white flecks In

the sample, and it is considered 1t:ely that some oxide

and/or sulicide had formd. The lare:or f.c.c. lattice

probubly corresronds to the strore lines of b.c.. La2 03,

and to an actual b.c.c. lattice constant of approximutely

11.45 ,. Ube smaller f.c.c. lattice constunt is within

experimental error of that for f.c.c. lanthanum, and corres-

ponds to the metal or to the hydrogen-poor phase*

It is not clear why a metal phase should form from

the hbydrie, unless there could have teen considerable dif- 

fusion of hydrogen throukh the thin pyrex wall of the cap-

llary. Thourh the sairpl probubly contained only about
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I c. (N.T.P.) of hydrogen before being annealed, the Ini-

tial pressure in the capillary on heating would have been

quite higb (evidencee, by burstine of other such hydrogen-

rich samples). That diffusion may well have occurred is

indicated by the findings of Busey & Glauque (1953) con-

cerning the diffusion of hydrogen through pyrex glass.

Errors introduced by such hydrogen loss have been discussed

above.

In addition, samples of composition LalII.49 and LaH.33

were obtained from two of the dissociation pressure experi-

ments. These samples were exposed to nitro6en in the line

and CO2 in a dry box, sealed into pyrex capillaries, and

annealed at 5400 0. for 12 and 20 hours, respectively. The

diffraction pattern for the former corresponded to two

f.e.c. lattices, while the latter displayed three f.c.c.

lattices, as well as several unidentified lines. The lat-

tice corstunts are tabulated below, while the diffraction

data ray be found in Appendix 111, Tables 31 and 32.

LaH 1 49  LaM 0. 3

5.670 1 0.002 A. 5.669 :L 0.003 A.
5.239 k 0.010 A. 5.247* 0.008 i.

5.292 ± 0.010 A.

The largest value for each is doubtlass that of the

Lydro~en-rich phase, of approximatc composition LaH1 .8.

The second value in oach case most probubly corresponds to



that of the lanthanum monoxide described in Ch~ipter IV, the

formation of which would have Vecn caused by contact of the

sample durin the anneallne with the small amount of C02

and perhaps air sealed into the e. pillarleso The tthird

value for L&H,. of 5.292 i 0o.010 A . is within experimen-

tal er!-or of' that for f.c.e, lanttanum, and Is considered

to represent tt.e hydroilen-poor phase of the two-phase reg-

ton. kailure to observe the lines oi' the hbdroeen-poor

phase in th1O LaH'o 4 9 Sample rwy be ascribed to the fuct

that the proportion of this phase pr-esent at !Ihis composi-

tion would be rather srull.

On the other hand it is posiAble, to'ouch less !ikely,

that the phase with aO of 5.291' .. could represert a small

proportion of a l nthanum nitride phase, Lati. hls miilbt

be decided by intensity measurenents, tut they could not be

made with sufficient accuracy for this ir, since it was

not too well resolved, and there was considerable overlap

amonL the various lines.

ihe unidentified lines on the LaRO.33 film appear to

be ascribaihle to hexa~oral La2O3 , tbouih this cannot be cer-.

tain.

In addition one sample of lanthanum deuterido of com-

position LaDo.9 5 was obtained fror. a dissociation pressure

experiment. This sample was prepared as wore the hydride

Iq
N ]..



samples descriled just above. Diffraction 'ata at) tabula-

ted in ,ppendix 11, Table 33. Its diffraction pattern

showed lines corre;1ondint to two f.c.c. latlices, with

cell constants of " 0.00'e" .,, and 5.662 t 0,-003 A

The former protably corespor a to lunthartun onoyide, ar

discussed abov. ard trf, lutter to the deutexum-'c.ch phase

of the two-pl.;e A'rotlon. It .s seen that the dout,:rt~

phase displ.Lyp a slil tly smaller lattice p:irn, mter tlian

the corres;pond'nL hyd:'ide p hasa I i r 3 v.F t1-1 1;9ve

boon reporte for the hvdrides t-;n- deu.d, f ii m,

uranium, an6 l.fnium, and a re uvrmi rized b,.y ".dh] u ,(I 4).

Cerium hydrido

kis we2!.o ot1)tnd for C iarplo; o0' v:kuS r.-

positions of <rujc hydrie, ':circ were py'er,8r- a d" -

oribed a-ove A.,'" thf,: (,perlm:ntul 3uctior. Ji,, cell con-

stants, tabul ,cd below, follow t-, tn'rr1i t -end as des-

crilbod above. 1he data fro ;;AAhitz the cnatti its arc de-

rived may be found in ,ppendix II, Tables CA and 35.

2.8. 5.545 ± 0.003
e,.4 35.549 t 0.002
2.02 5.574 t 0.002
1.86 5.580 ± 0.002

In adlition one sam~plo of corium douterlde of compo-

sition CeDo.56 was obtained fro the dissociation pressure

i% e56
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studies. "This sample was exposed to nitrodon in the line

and to (02 in the dry box, sealed into a pyrex capillary,

and annealed a hours at about 540 0 C. Ita d~ffraction pat-

tern showfed lines correspondirn6 to two f.c~c. Jattices, of

5.569 i 0,003 n. tad 5.123 ± 00C6 A. 'The diflf'raction data

are in %qppendix III, Table 36. T e Larger lattice constant

doubtless corrosponds to the deut,3riulr-rich pise of the

two-phase re£ion, while the smallar probably corresponds to

that observed above in thi case of the anneal,)d metal sam-

pie, which Is thought to be that of a ronoxo

PraseodEymium hydrids

k ilms wiere obtained for four samples of praseodmium

hydride of various compositions, piepare1 as described

above, 'he corpositions of the saiples to, etler with the

correspondine f.c.c. lattice constants, arc iven in the

followina talle.
1::Fr a0 __(;')

2.85 5.495 * 0.003
2.49 5.491 * C.005
2.25 5.501 * 0.005
L.02 5.515 -t 0.00

The data fro wibch these constants were dcirived are to be

found in , ppendix 111, Tibles 37 and 38.

In addition one sample of composition Ir11o. 7 9 was ob-

Stained from the dissociation pres.ure Ftudies. This sample
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was exposed to both nitro-en in the vacuum line and to CO2

in a dry box, sealed off, and anneald for 20 hours at

about 540 C. Its diffraction pattcrn sbowed lines corres-

pondirt to two different f.ce. lattces, with coil con-

stants of f,51-8 * 0.005 ... and 5.14 :! 0.01 Data from

tbis phototyL4ph may be found in ,jpendix i1, Table 59.

The former value corresponds to tVhat for the hydzogen-rlch

phase of the two-phase region, AhIle the latter Tay be as-

cribed to the hydro.en-poor phase, o,7 may be due to a

monoxide.

Neodymium hydride

kilms were obtined for four samples of various com-

positions of reodymium hydride, wol.cOV were prepared as des-

cribed above in the experimental section. The diffraction

data are tabulAted in ,ppendix 11, Thles 40 and 41, and

the cell constatnts derived therefrom are tabuiltel below.

11 %Nd a., (A.)

2.40 5.433 ± 0.005
2.19 5.444 ± 0.003
1.99 ,5.t7 ± 0.002
1.83 5.469 t 0.002

In addition one sample of composition d0.76 warn oh-

tained from the dissociation pressure studies. This sample

was expose,7 to nitroten in the lire and CO- in the dry box,

sealed into a pyreox cpillary, and annealed approximately



P h~ours at a.,out 5400 0. 'Tv, dtiffacti:n dat arfj tabuls-

ted i!i ppepr',x i.I Table 42. Tr-: lte, -o_-O3i)Gnd to tv-0

f.e.,c, latti-onn, cf 3.44., .-~ 0.004 . io 3.,0:3 0,OO~i A.

responds to t-it ob-:.erved at-o~wo Ir t~;ho ~ f~ canreaif-Z

metal sainp1a. -.11&c is thouiht to I~c OTit of a monoxide.

It has bee-ris 1 '.on tha~t ho b,,dr:Wdc5 -if tno raro earth,

metals disca-':d in this chapeter E. '.e :,ko,~i xpLnded2

over tbhc partent zt..i structuzxe3 To11 Is :;nii ma

imum for~ tl1., '.ivyr:Ldes ofV app,'ox nolf.s a T:Hl.,, Or

BliLbtly rictier I.n hydro~en- -pT~rvnc1..7 a i~~i tf1,re-

fore, for, t)ric hyd_-_'Oen-rich pha~ie. rTj th - t )o.-.oasvt roEiori

~comparison of trin lattice cofst,:iats of thp i?' Is and hy-

dr1.2ea is mado' belov, andc the p ic,_-ntaj:o cIl~ntf In molecu-

lar volume Is also *iven.

La C.9 .370 1

Nd(d.,'op) 3.655 5.46~9 19.9

c 1.9

urther addition of hydroEE~n has been kho.r1 to result

in a ali,,ht contraction of the .lttice. 'This contraction
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* in volume for the hydride of approximate compositionk W,8

).'tlative to the hydride of approximate composition lfl 15

ranges from 1.14 for the case of praseodymium to 2.65 for

the case of lanthanum. These value3 must be consider.ed1 on-

ly as approximate, however, as lattice constant3 fo. -;n,

hrdrides bavine a hi~her content in hyjdro~on are le.-s

curately known than those for the hydroeon-rich phase *W

the two-phase region.

Holley, et al. (1955) reported maximum la;tice -

ftants for samples of composition C, and a 6rzidua> d ,-,

reaase Aith increasint bydroGen content. Since the:se 1t.;-

tice constants aree well with those found in the pi-eo-:rt

Investi6ation for samples of approx:.mato compos :.tion I .85'

vriich represents the hydrogen-rich phase of the two-'ph:

f'eglon, and since Polley, et al. id, tify tlese samplv as

being the hdroen-rich phase of the two-phase .:oeion, V.

Is probable that the compositions of the hydrides ocntid-

:3red to be ?'H2 by .lolley, et al. were actually somewh.:

Lower in hydrogen.

ibis gradudl contraction of the hydr Ide with adciJion

of bh2dro~en beyond the composition correspondin to tho -Aah

phase in the two-phase region can be correlated with tbhi

bharp rise In dissociation pressure which also occurs :.t

compositions somewhat below A12 . ?kutron diffrvction .ork
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i in volume for the hydride of appoimaJte Composition M!,,

relative to the hydride of approximate composition I li.815

ranges from 1.i, for the case of praseodymium to 2.6 ror

;he case of lanthanum. These valuo3 must be considcr, on-

ly as approximate, however, as lattice constants fo ,

hydridos havin6 a hiLher content in hydrogon are les ,.

curately known than those for the hydroen-rich phaue -if

the two-phase region.

Holley, et al. (1955) reported maximum la;tLco ,

ctants for samples of composition ,a2 , and a 6radua>. -A ,-

rease %ith increasink bydrogen content. Since thete s.&A-

tce constants a~ree well with those found in the pve,l%'4St

Investi6ation for samples of approxlmato compos:,.tion 0. 1-85'

,fnich represonts the hydroeen-rich phase of the tvio-phm'l;i

teglon, and since Folley, et al. idortify tlese samplc, Ss

!eing th'e h'drogen-rich phase of the two-phase ogion i

Is probable that the compositions of the hydrides ocniiid-

'3red to be H2 by 1olley, et al. were actually somewh.f:

Lower in hydrogen.

Ihis graduul contraction of the hydrIde with adc 'tion

of b,, dro~en beyond the composition correspondinj- to th, -Ach

phase in the two-phase region can te correlated with th;

starp rise in dissociation pressure which also occurs :

compositions somewhat below W12 . 14eutron diffrLcticn crk
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11Y lolley, ot al. has been reported as demonstrating that

the two h7drogen atoMs in hydrides of comrosition MH2 &..o

,ituited in teo tetrahedral positions, and that additlca.-l

hydrogen enters the octahedral positions. Two samples of

,le'rium hydride had boon Investieated usinL neutron diffrfc-

4.ion, of reported compositiona COR2 and CeH2.4 8. Here

Lgain tho composition of the phase describ-ed as Cell2 Y'aa

probably somewhat lower than this. The values IF /n, whore

I is the structure factor per unit cell and n is the num-

liar of molecules per unit cell, calculated on the basis of

t, fluorite-typo structure of composition CeR2 are listed

below, totother with observed values. Calculated values

for a composition of CeHlo8 5 are also listed. The aerce-

rent for the latter composirion is certainly as Eood as

for the composition CeH2 .

IFI/n

hkl obs. Ce 2 (calc•) CeH1.8 5 (calc")

111 0o,58 0.46 0.46
200 la23 1.22 1.16
220 0.10 O3O 0.24

The observed vulues of IFI/n for the sample of comn-

position CeD2 .48 are listed below, toEether with the vt.lues

calculated for a) 2 atoms of deuterium per atom of cerlum

in the tetrahedral positions and the renairnr In the oota-

hedral positions, and b) 1.85 atoms of deuterium por atom

U
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.)f cerium in the tetrahedral positions, and the romairde.i

hLt the octahedral positions.

Jkl/n
___l obs. CeD2D°48 (calc°) CeD-,.85D.63(calc,)

"11 0.175 0.15 0.05
'2 30 .368 .53 .33
220 1.95 2.07 2.07

'ZW degree of accuracy of the observed values was not 'jz-

W,* It does not appear that a very dnfin:,te distributivir

,f the deuterium atoms between tetrahedral and octabecls'!

ositions can be made on the basis of tbe observed datu.

't is unfortunate that observed values have been reported

.or only three diffraction maximo. 1von thOULh the oct-'

iedral positions betin to fill at a compo~ition below MRL,

LIt is possible that thereafter both sites continue to f1,

'zwtil at a composition such as CeH2 .48 -. tetrahedra

)vaitlons would be filled. On the other hand it is pc':ei-

"e that some tetrahelral positions remain unfilled urZ:.2

nuch hiehe r compos it ions are reached.

Holley, et al. (1955) have given a brief discusC.on

Of the structures of the hydrides. They have concluded

;bat two valence electrons of each metal atom particisate

.Ln M-H bond formation in R2 , and that the metallic oler-

acter of the hydrides is duc to the preserzo of additcrnal

ralonoe electrons. Metallic char.cter ane a subnormal

a
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vTalenoe of two are also shown by monoxides and monosulides

Of 4f and 5f elements, It was pointed out. 1Fowever, thoee

au'lors drew no further comparison other than this stat..e-

iient. They also showed that since the metal-hydrogen 61Pi-

'.ances decrease more rapidly with the increasingi atomle

.number of the metals than do the metallic radii (corrcttad

:or coordination number of 8), the radius of hydrogen (.a-

niot be constant if it is assumed that each metal-hydrcibr

distance is the sum of covalent radii of the metal and h,-

c!roen.

Dialer (1948b), and Dialer & Ilothe (1955a, b) havw

31tIggested that the first two hydro6ens in the rare earth

hWdrldos are tonded lonically. Cibb & Libowitz (1955) have

advanced the theory that certain mctallic hydrides, irolud-

.n the rare earth hydridos, are closely related to the

:alt-like hydrides, though possess ing somewhat more calent

haracter. krom a plot of ,offective hydride ion radius

versus electronegativity of the metal for certain ionic 'iy-

drides, these authors derived effective hydride ion radii

for hydrides of metals of different electronegattvities.

These radii for the rare earth hydrides varied from 1.33 A.

f'or lanthanum hydride to 1.30 for samarium hydride. The

sum of this effective hvdride ion radius and the radius -Of

the trivalent cation (corrected for coordination number 8)
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showed excellent agreement with the metal-hydrogen disr.11,e

in. each hydride of composition M, H2 .

The view takten by Gibb & Libowitz of the nature :)

the ,ydro~on was a somewhat ambiguous one. 'They stated

that, at least In volume requirements, the hydrogen coald

be considered to be present as hydride anions. Ilowever,

the possibility was loft open for the electron pair of the

hydride ion to participate to a limited extent in the elea-

tron system of the metallic product. t.t the same time they

stated that this "pseudo hydride anion" could also be re-

earded as a proton closely associated witi, two electran3 of

a metallic system or alloy. The extra valence electrons of

the metal were still considered to participate in weak iet-

allic bondine.

Cibb & Libowitz drew no analogy between these hy-

drides on the cne hand, and metallic monoxides and monosul-

fides on the other. Holley, et al., vilo did make this an-

alugy, did not reco ,nize the correspondence between the ","-H

distances in the hydrides and the sum of the trivalent cat-

ion radius and a nearly constant hydride ion radius. It

has boon :.ointed out by landelli (1955) that the interatom-

I.c distances in the monochalco~enidos of the first four

rare earth metals agree with an ionic lattice cons istin of

positive trivalont and negative divalent ions, the metallic

I,
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bo)id being partially due to one free electron per metal

rtlm. Condcotivity and magnetic measurerents by East;i.,

Ft' iwer, Bromley, Cilles & Lofgren, 1950a, b) have been i1a-

-r-preted as signifyin 6 that each metal atom in ceriu ajn-

!,slfide has ene free unpaired f electron, and one d elei-

trn which is paired in metallic bonding. The sulfur ztoms

&r3 presumed to talre up two electrons apiece from the rnetal

t-jms,, an the cerium sulfide lattice thus would be made up

o_,f dlpositive and dineeative ions. The shortenin of the

ho.id relative to that expected for such ions was ascribed

to the influence o the extra bondlng due to the d elec

trons. These authors apparently did not notice that the

raAus of cerium in the monosulfide was upprozimately that

of Ce+3 .

However, this is apparently fortuitous. In the case

of ThS, which is not paramagnetic, two d electrons are pre-

sumed used in metallic bondine, and the radius of thorlum

in ThS is sli htly shortened relative to that of Th+ 4 . In

USI, Whic. has a paramarnotism oorrespondinig to two unpaired,

presumably f electrons, a.nd therefore also has two d elec-

trons used in metallic bonding, the radius of U is almost

exactly that of U6. Thus the effective radius of the cat-

ion in any of these metallic sulfides does not appear to be

________
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a genuine reflection of its valency, and it is prcbablo

* Tihat this in also the case for the hydrides.

The case of uranium furnishes further confirmatlon of

4imilarity between tr.e monosulfides and hydrLdes, sinc UH3

.pparently also displays paramagnetism corresponding to two

unpaired 5f electrons (Rundle, 1951; Trzeblatowskl, $gliw,

S Stalinski, 1952, 1964), and the effective radlur of U in

113 is also very close to that of U 6 , after beini' corec-

ted for coordination number of 12. Presumably only ore d

olectron would be available for metal-metal tonding ir the

hydride, however. There seems to be considerable bas,:,

therefore, for considorin- the rare earth hydrides, at wsll

as some other so-oalled "metallic" or "Interstitisl" t y-

drides, to be similar in nuture to the monosulfides of

rhese metals*

Therefore, to summarize the point of view sLggeeted

above as a plausible explanation of the nature of the rare

earth hydries, of composition close to MH2 , th.e follcWing

may be stated:

1) Iwo electrons from each metal atom are taken up by

hydroen, and hydride anions are formed. It is not consid-

ered necessary to make the qualification made by Cibb &

Libowitz, and suppose that these electrons still partici-

pate in the electron system of the metallic product,

I°



130

*Although the metal-hydroen bond doubtless does have come

covalent character.

2) The third valence electron of each metal ator par-

icipates in metal-metal bondin, and is to be considered

as a 5d electron. The metal-hydrogen distance is shortened

by this metallic bondir4, relative to that eypected for a

divalent cation and a hydride anion, by an amount which

;iaes the resultin, distance almost exactly the sum of the

:'adil of a trivlent cation and a hydride anion. Thie is

lot justification for considerinko the metal to be trivalent,

however, on the basis of' the evidence to the contrary cited

above in the comparison of uranium hydride and uranium mon-

osulfide.

3) 71v 4f electrons of the rare earth mtals rer'ain

4f electrons in the hydrides, and do not contribute to

bonding, but do contribute to parane tism. The paraMnag-

netism of Ladolinium hydride reported by Trombo (19441 is

evidence supportint this statement.

The question of the nature of additioal bydrogen be-

yond a composition of XH2 remains to be considered. The

neutron diffrhaction work of Holley, at al. indic-tes that

such hydroen enters the octahedral holes in the latt.ceo

Holley, et al. do not discuss this structure further, but

limit their discussion to hidrldes of composition YH2 .
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*4vither do Gibb & Libowits offer any discussion of rare

e, .ri'h hydrides of compos ition beyond MH2 . Dialer & Rothe

(%.955a, b) considered the third bydros;en to be intersti tial,

oni iho basis of the smaller amount of onorgy ovolvod ii its

add.1tion. If this third hydrogen were anionic, it would.

nn.an that the d electron of the rretal previously used In

metallic tonding now was transferred to hydrogen, makirg

t.e metal ions trivalent. Trhe notal-hydroken distunce Is

mutch larger for the third hydrogen atom than for the first

t.o hydrogen atoms. ,lso involved here is a slitht com-

p ession of the hydride ions in the tetrahedral positions,

as the lattice contracts with additional hydrogen. Th:.s

compression is probbly a major factor in causinE the

airount of enerLy evolved upon adlition of the third hydro-

Can to be so small. It is difficult to estimate the mzni-

t ides of these effects, but thero does not seem to bo a

good reason for assuminL that the tbird hydrogen could rot

&lso be ionic, ovon thouth its adcition involves loss onY-

ergy.

On the other hand, the decrease in metallic character

of ts:e hydride *Aith addition of the third h.Ndroj;en atom in-

dicates that the d electrons are bein used in metal-hydiro-

gen bondinL. ibe resultin. structure, it' a composition of

MH3 were attained, would be of the bismuth trifluoride type
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,3trukturberlcbt LI, pp. 22, 290). Otheyr ionic compiunc~s

havin6 such a structuro are als.) known. The persistence of

the black color of the hydrides can be ascriled to residual

mnotal-metal bondinZ, since the composition VE3 does not ap-

pear to be attained. The hydrides of europium and y7terbi-

urn, which are apparently ionic, and made up of divalont

cations and hydride anions, ar: also black in color--per -

haps this is also due to a slkht deficiency in hydreaei.

These hydrIdes are discussed in Chapter VII.

I

rI



k-ray dffraction pattern of a

lantanum bvdlde"MUwIT.&Fn ssrnple

ii pyrex capillary containinE a sample of lunthanum

hydride of corposition LaH1 .99, which had been sealed when

evacuated, was broken open under mercury. The mercury en-

tered the capillary and forme.1 a shiny "amalgam," like

those desor'lfed previously. The end of the capillary was

olosed with "Varno-Cement," to prev-nt access of air and

decorrosition of the preparation.

-n X-ray powder diffraction photogrraph was taken

usint this sample itimediately ufter its preparation. The

A



:.ines of the pattern obtained were not too well-resolvc.l,

hut a photo6raph pi-apared 60 days after preparation of t ,e

ariple showed the same pattern, very well-resolved. Dif1-

raction data from this pattern are tabulited in Appendi.x

:ziI, Table 43.

The pattern is quite complex, and there are Indies .-

tions that the unit cll may be orthorhombic. UnfortuLaoly

tbo unit cell could not be determined. The lines do ni

rich those of lanthanum hydilde, or of either mofificats.on

of lanthanum metal. Nor do they match lines calculated or

"our different lanthanum-mercury compoundk reported by L:-n-

.elll & kerro (1951).

The fact that a diffraction pattern which differr

from that of lanthanum hydride is obtained from the "arva>-

Cam" indicates that some sort or reaction must occur be-

tween the hydride and mercury. kurttermore, this reactic;:i

occurs without evolution of any large proportion of hydro-

sen, as shown by Lbe fact that the capillar did not burtt,

and also an indicated by the experiments discussed above

eoncerninj2 stability of the hydride "amaleams" on long

standing. However, the question of the nature of this

crystalline product remains unansaered.

ai
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,'.lAPLE 28 -- X.-ray diffraction data for lanthanum hydride sam,
ples ofvarious compositions, Cu radiation, Ni filter, Se

P, 13.5

LaR.47 LaH2 26 LaH 1,99Y' hi 2  a.. . . . a a' . .
sin 0 a0  in ao, sin _a 0

3 0.23965 5 0-72 0,23733 5^626 0.23796 5.611

4 27644 5,,577 .27PR7 5 650 -274E5 5 316

8 -38943 5,599 ,,38682 5 637 .38681 5 637
1I1 45564 5 611 -45388 5 633 45310 5 643
12 4761, 5 608 47366 5 638 .47327 5 643
16 0 0
19 59828 5 611 59583 640 59443 5:653
20 ,61361 5 618 c61102 5-642 61031 5 649
24 ,67206 5,,619 .66947 5 641 66800 5 654
27 .1216 5 625 , 70816 5 657
32 ,77497 5.6272 77308 5,6409 ,77025 5 6617
35 -81068 5 6258* .80841 5.6416* .80578 5,6600*
36 ..82155 5 6301* .81885 5,-6486* ,81729 5 6594*
40 .86672 5 6253* 86369 5,6451" ;86099 5 628*
4;5 -89796 5 6295* 89548 5,.6451* 89309 5 5602"
44 ,90865 5, 6276* 90594 56444* -90291 5 5634*
48 . .. 94562 5 6480* .94329 5, .620*
51 9 7538 5,6443* ... . .-

...... ,560a. ... ... 97146 5 6623*
51 . .. ....... .... .. 97449 5 6588*

I 0. .98108 5 5614*
.. a98322 5 5632*

Average ao values computed using starred values are:

. LaH 2 4 7  5°628 t 0,,005 A.

LaH2 2 6  5,645 0-005 A-

LaH 1 ,99 5,661-- 0.,005 A.

1= 7

4' 4
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TABLE 29 o-.-X-ray diffraction data for lanthanum hydride
samples-of different compositions° Mo radiation, Zr filter.

See p, 115.

La_2_,78 LaH1 83

2 sin29 2 sin29Zhi obs __ao_ obs. , ao

4 001662 310803
8 .03280 31.781 0,03276 5.553

11 04508 31,629 .04461 5.581
12 .04936 31.466 .04869 5,579
16 ..... . .. .06491 5.579
19 07760 31506* 07628 5.608
20 .08154 31.542* -08035 5.606
24 .09758 31,466* .09604 5.617
27 .10957 31.586* .10774 5.625
32 .12982 31.542* °12743 5.631

35 :.14173 31,575* .13917 5.635
36 .14612 31o492* .14362 5.626
40 .16142 31r645* .15941 5.629
43 .17347 31o635* .17149 5.627
44 .17747 31o635* .17464 5.640
48 .19931 31.659* .19121 5.630
51 .20593 31.561* .20222 5.643
52 .20891 31716 .20554 5,652
56 .22569 31.597* 22219 5o641
59 .23802 31.552* .23378 5.645

243 .... 95045 5670*
244ai 1 ... .... 95482 5 o 669 "*

243L2 ....... ....... 96165 5.671*
24442 ... . ...... .96631 5,669*
248m, 97013 5 o6"/0*

248O2 .... .... 98166 5o671*
25 1  * 05.671*

An absorption correction of E cos20 sin 20 was ap-
plIed to the sinrQ values for the LaB2 .78 sample (Buer'ger,
1942). An empirical value for E of 0,293 was obtained as
the average for a number of films, on each of *ich the a O
derived from lines at very large values of 9 was assumed
oorrect9 and the best value of E was calculated. Average
a values computed using starred values are 5.619 ± 0 010 A
a~d 5.670 ± 0.002 A. for the two samples.
Buerger, M. J. (1942). X-ray crystallography. New York:

John Wiley & Sons, Inco. P, 429,
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TABLE 30.--X-ray diffraotion data for lanthanum hydride
sample of composition LaH2o78, after annealing. Cu radia-

tion, Ni filter. See p, 1168

sin . j-hl2  a0 .. h1 2  ao

0 23266 3 5.739
,25285 3 5,281
,26912 4 5c°729
29162 4 5.287
.38151 8 5,715
41287 8 5,281
.44707 11 5,719
46646 12 5:.724
48409 11 5,282
c-50427 12 5.296
.53914 16 5,720
.58698 19 5725 16 5-253
60162 20 5,730
,63516 19 5,290
65970 24 5,725
.69913 27 5,,730
75615 27 5,298
.79669 35 5,7246*
80897 36 5,7176
84977 40 5,7376*86111 35 5 o2963 "
,88296 43 57252*

.89323 44 5t,7247*

.92042 40 5o2971*
93229 48 5.7288*
.96138 51 5.7267*

.97029 52 5.7292*

Average ao values computed using starred values are

5,727 ± 0,010 A, and 5,297 ± 0 010 A.

40
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TABLE31 .,--X-ray diffraction data for lanthanum hydride
sample of composition 117C4' u radiation, Bi filter.

sin 0 ~ h1 2  &0 Th 2  a

0,-23902 3 5 ,587 3 5,216
25609

,27497 4 5 607 4 5 224
29514
38761 8 5.625a 21
~418125 8 5.
~45370 11 5.635
,47347 12 5,,640 13. 5.,226
48920
54590 16 5.649

.5978 19 5,,650
4,.105 20 5-650 1.9 5..2403*

65820 20 5,.2378*
66758 24 5,656
.70803 27 5,,658
.77041 32 5,,660
.80489 35all 5 662
81593 36.1 5 .664
,86000 4O0'l 5.664
89143 43o'l 5,666
,.90151 44oil 5.667
94747 48'jl 5,668
-9701.6 51-Al 5.6700*
.97245 5342 5,6708*
97948 524L1  5 ,6707*

.98197 52012 5.6704*

Average a0 values computed using starred values are
(5,670 ±0,002 A. and 5. 239 M ~10 A

J.
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TABLE 32.-,-X-ray diffraction data for lanthanum hydride
sample-of composition LaHo°33 . Cu radiation, Ni filter..

See p. 117.

sin e Io 2  a 2o hi2  ao

023796 3 5611

.25534 3 5 230
,27329 4 5.642
29511 4 5.224

1 .38603 8 5,648
.39369 ?
41172 8 5.296
.41692 8 5.230

.44100 ?

.45197 11 5.657
46636 ?
47292 12 5,647
A8408 11 5.282
,48905 11 5 228
50462 12 5 292
n50990 12 5.,237
,58846 16 5.240
,,59516 19 5646
.,60914 20 5,660
.63514 1s 5 2906*
.64121 19 5z241
,65157 20 5,2911*
,65785 20 5,241
,66770 24 5.656
67935 ?
.70803 27 5,658
.71387 24 5,2903*
.72028 24 5.243
,75628 2 5o2967*
.76395 27 5-244
.80516 35 5.664
.81668 36 5,664 3
,,82394 32 5-2927*

86090 40 5.663 68.86924 35 5,2468 i

.88213 36 5°2434*

.89292 43 5.6658

.90227 44 5.6674

.96275 43 5.2507*
97037 51C1 5.6687*
.97306 51& 5.6671_



TABLE 32 --Continued

0.97958 52di 5.96701*
.98205 5f2~ 5.8700*

Average a0 values oomputed uuing starred vo-lues are:

5.669 ± 0.003 A.
5.247 1 0.008 A.
5.292 ±k 00010 A.
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TABLE 33 .--X-ray diffraction data for lanthanum deuteride
sampl -ef composition LaDoo95' Cu radiation, Ni filter.

See p. ,_9.

2 2m

sin 9 hi ao Zhi2  ao

0o23897 3 5.588
°25636 3 5.209
.27535 4 5o599
.29632 4 5.23
o38756 8 5,,626
.41841 8 5,,211
,45424 11 5,629
.47440 12 5.629
.48897 11 5-229
.51020 12 5.234
.54696 16 5.638
.59618 19 5.,636
.,61118 20 5,.641
o64184 19 5-235
,65814 20 5.238
6 ,6862 24 5.648
.70889 27 5,651
.72022 24 5.244
.76362 27 5,246
.77147 32 5.653
,.80615 35 5-657
.81789 36 5.655
,83077 32 5322492
o86152 40 5-6593
88811 35 5o25,Z6*
o88085 36 5.2511
o89258 4x. 5.6587
,90261 44a1  5-6605
.92744 40gi 5,2526*
.94250 48a.1  5-6620*
.96213 43 5.o2496*
.97129 5leL 5-6633 _

.97364 51L2 5o6637*

.98060 5241 5o6642*

.98285 524L 5 6654*

Average a. values computed using starrod values are

:5.662 0.,003 Ao and 5.251 t 0.002 A,

.4
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TABLE 34.--X-ray diffraction data for cerium hydride sam-
1ples -'fvarious compositions. Cu radiation, Ni filter.,

See p. 119

CO 2 . 83  C082-43 __e2 o_02

Zh 1 2  sin 0 ao sin 0 to sin C) a.

3 0.24412 5470
4 28043 5498

8 o39587 5508
11 ,46322 5.520
12 48365 5,522
18 00~

19078 5 5325
20 .62306 5.5332
24 0.61874 5.5396 .68238 5.5345
27 .72309 5,.8398 .72326 5.5385 0471950 5.5675
32 .78640 5o5454* .78656 5o5443 878239 5o5738
35 .82300 5o5416* 82290 5.5422 .81829 5.573
36 .88427 5.5442* .83369 545481* 83019 5,571
40 .88010 5,5398* 87857 5o5495 .87468 5.574
43 .91170 5o5447* .91091 5o5495* .90682 5,5741
44 °92167 5.5481* .92143 5,5495* .91723 5.57491
48 o96277 5o5474* .96237 5A5497* .95792 5.57550
511 .99171 5 5467* .99180 5.54629*

Average £o values computed using starred values are:

COB2 o83  5,545 t 0.003 A8

2O43 5,549 1 0 002 A.

CeB2 o02 5,574 1 0,002 A,

Lines at small values of 0 were not always read, as
in the oases of two films above, and other films as well,
since such lines were not used in oalculating the value of
£00

aO8

* -:
Im
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TABLE 3fi.--X-.ray diffraction data for cerium hydrite sample
of composition CeHIl 8 6 . Mo radiationg Zr filter. See p.13

3 0.01285
4 01698
8 .03350

11 .04576
12 .04987
16 106618
19 107829
20 .08258
24 009903
27 .11084
32 .13167
35 .14296
36 .14759
40 .16344
43 .17559
44 o17995
48 .19552
51 .20817
52 .21139

216€1 .87329 31-1065
219o1 .88469 31.1318*
227€1 .91704 31.1306*
243o1 .98163 31.1319*
244o1 .98563 31.1334*

Average value of ao computed using starred values is
5.580 0.009 A,
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TABLE 36 .--X-ray diffraction data for cerium deuteride sm-
plo oYromposition CODO 56 . Cu radiation, Al filter. See

oin p o 1 02
lB. . i i ~i p. 190

sin e h12  a, 12 a

0.39403 5"534
.46268 11 5.526
.48221 12 5.538
.55709 16 5.536
.60579 19 5.547 16 5,090
.62067 20 5545
.66039 19 5.068
.67986 20 5,071
.72116 27 521555
.73969 24 5.106
,78446 32 5,559 27 5.106

4 o81999 35 5,562
.83161 36 5.562
87553 40, 5.564.89014 3Ud 5o1193*

.90741 43d.1  5 5709 3641  5o0931

.90942 43 2  5o5677*

.91762 44a1  5,5679*

.91969 44o.2 5,5693*

.95039 4001 5o1258*

.95836 48 1  5.5683*

.96095 4U.2 5 5672*

.98724 51l11 5.5718 43o1 5o1161

.98975 514 5o5715*

.99629 52 1i 505750 44d, 5.1282

Average a0 values aceputed using starred values are
5.569 t 0.003 A. and 5.123 t 0.005 A

'I'

F1

III I I i I
t'

2!
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TABL 37.--X-ray diffraction data for praeeodymlum hydride
sample"-sof vari.ous composttmso Ou radiation, Elf i~ltero

see P. 12~0"

"PrH2 8 5  PH2_ _49 PrE2 •2 5

sin 0 *in _ 0o sin a 0
3 0.24390 5.475 0.24624 5.423 024517 5,446
4 .2805 5.494 .2842 5.421 .28232 5.461
a °39728 5.488 39987 5.453 .39867 5.469
S .46554 5.492 .46805 5.463 .46632 5,483

12 o48594 5.496 48662 5.465 .48690 5o485
',6 56,1"7 5.495 56298 5.477 .0.. .
19 o61153 5.495 o61395 5,473 .61205 5.490
20 .6705.9 62989 5.473 .682 5,490
24 .68762 5.492 .68949 5.477 .68753 5.493
27 .7835.973076 5.482 .72921 5.493
32 7485.9 74986 5,486 .79348 5,496
35 83009 5.4942 83126 5.486 82975 5,496
36 84161 5o495 * .84299 5°487 * 84128 5 498
40 ,,88723 5o4953* .88799 5 4906* .88634 5 5008*
43 91992 5o4952* .9207 54913°  '91900 55006*
44 ,93023 5o4970* .93115 5 .4916* o92968 5,5003*
48 97121 5 .4946* . .. .

Average ao values computed using starred values are:

PrH2 o85  5495 -0o003 A.

FrH12,49  5.491 ± 0,005 A.

Pri2 .25 5.501 ±O'oos A.
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TABLE 38 .--X-ray diffraotion data for praaeodymium hydride
sample-of oomposition PrH 2 ft lNo radiation, Zr filter.

Zhp2 sn 20 A

3 00 00 1
4 0.01736 5o395
8 .03435 5,423

11 .04686 5.445
12 05108 5.446
16 106771 5o462
19 .08032 5.465
20 .08452 5.466
24 .10123 5.472
27 .11370 5,o476
32 .13472 5.477
35 .14673 5 488
36 .15097 5.487
40 .167485 5°492
43 o18032 5.487
44 18383 5.498
48
51 ~ 18 .0
52 .21687 5.503
56 .23400 5.497
59 .24665 5o496219"I  o90626 5 o5158*

2274L. ,93873 5 ,5146*

Average value of a o omputed using starred values is
5,515 0,002 A.

1
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TABLE 39.--X-ray diffraotion data for praseodymium hydr:Ide
sampl"Iof oomposition PrHO 7 . u radiation, Ni filter.

see p. 121.

-i -h,0 ~ h 2
sobs. 7o s i o  hi2 ao

0.24353 3 5.438
.26330 3 5o071
.28182 4 5.471
.30242 4 5.098
.39787 8 5.480
,42638 8 5114
.468574 11 5°490
.48576 12 5.498
,49890 11 5.125
.52149 12 5.121
.56132 16 5.494
.61118 19 5498
.69700 20 5.498
.65503 19 5,o130
.67109 20 5.137
.68549 24 5.509
.729789 27 5.503
.73506 24 5.138
.82720 35 5.513
.83882 36 5.514
.84822 32 5.1412*
p88463 40 5511 35 5.155
.89869 36 5.1468*
.91561 4341  5.5163
.92602 44" 1  5.5174
.96680 48Ul 5-5196*
.99635 51A1 5.5346 44 5.1322

Average ao values oomputed using starred values are
5818 1 0.000 A. and 5.14 t0o01 A.

r
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TABLE 40.--X-ray diffraction data for neodymium hydride
samples of different compositions. Cu radiation, Ni filter-

See PC 121.

. NdH2 o4 0  NdH2o 1 9

Ihi 2  sin 0 ao sin G ao

27 0,73848 5.4244 ... . . . . . .
32 0......... 0 .... 4 
35 .84039 5.4269 0.83867 5.4380
36 .85112 5.4345 "  .85039 5.43S2 *
40 .89765 5.4315* .89548 5 4447*
43 .93083 5.4307* .92823 5.4460*
44 .94085 5 o4350* .93820 5.4503

Average ao values computed using starred values az'e:

NdR2.4 0  5.433 t 0,003 A,

Nd 2 .1 9  5.444 0 B008 A

TABLE 41 .-- X-ray diffraction data for neodymium hydride
sampl-i--of different compositions. Mo radiation, Zr fJI=

ter. 3ee p. 121

NdR o9g NdH1 ,8 3

l 2  sin a0  sin a 0

200aI 0.91771 5.4649 0.91778 5,4645
203a1 .92045 5.4680 .92463 5.4646
2161 .95359 5 4656 .95349 5.4662
219.1 .95980 5°4678* .95963 5.4688*

. 27ti .97754 5 '4658* .97713 5.4681*
8279 .98317 5,472* .98283 5.4692*

Average a o values computed using starred values ar3:

Id 99 5.467 * 0.009 A,

Ndl83 5.469 ±0.002 A.

L... - -,. i
- -.. 4.-
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TABLI 42 .-- X-ray AIT fraction data f' or nod~mIum. hydride

sampleof compositiofn W0.7fa Cu radiatimw, I filter,

h*L SL ___ a hj.2  a0

0.24497 3 5.451
*.26443 3 5.050

.28040 4 5.499

.50471 4 5.080

.39827 8 5,.502

.42916 8 5.081

.48302 11 5,522

.50362 11 5.077

.52577 12 5.079

.60768 16 5.074

.61599 19 5A455
N.66110 19 5.0852

.86119 20 545229

.67801 20 508S47*

.69045 24 5,4698*'

.73285 27. 54661'
.74407 24 & 07156*
.78818 27 ,83

.83489 35 54626*

.84743 36. 5.4581*

.85772 32 5 0843*

.89120 40 5.4708*

.89688 35 510851*

.90964 36 5,.0849*

.92413 434c 5.4655*

.92"5s 43&2 5:4654*

.93478 444'i 5 .4657* 40i 082

*Average a* values computed using starred values are

5 .46 k1 0.004 A. aMd 5.083 ± 0.003 A.

Film wait of low contrast, with many diffme line.,
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Ir.4BLE43 .-- X-ray diffraction data for lanthanum hydrideI 'Maiva-jsamnple, formed using a hydride sample of compoAi-
tion LaB1 ,99 . Cu radiationo Ni filter. See P. 148

Intensity ___ __

w 0.05774
a 08733

vvw A5197l

w .21783

vvw .3303
w .37190

wm 28725

vvw 62776
w .358369
w 63747

5w .58598
m .9635

5 .99098

The last 3 lines are Keg;, lines; others are K~.'Ae

w: weak; m: medium; s: strong; v; very.
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